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Abstract Most plant species in mixed grassland vegetation
are colonized by arbuscular mycorrhizal (AM) fungi. Pre-
vious studies have reported differences in host preferences
among AM fungi, although the fungi are known to lack host
specificity. In the present study, the distribution of phylo-
genetic groups of AM fungi belonging to a clade ofGlomus
species was studied in five plant species from a coastal grass-
land in Denmark. The occurrence of the fungi was deter-
mined by PCR analyses of fungal large subunit ribosomal
DNA sequences amplified from root fragments using a spe-
cific primer set. The results showed that the dominant
Glomus species were able to colonize all the studied plant
species, supporting the view that the AM fungi represent a
large underground interconnecting mycelial network.
Keywords Arbuscular mycorrhizal fungi . Community
composition . Host plant preferences . Mycorrhizal
networks . Spatial distribution
Introduction
The fact that most arbuscular mycorrhizal (AM) fungi can
colonize a variety of plant species indicates an absence of
host specificity (Mosse 1975). This has been demonstrated
by Helgason et al. (1998), who found identical sequences of
AM fungi in roots of different host plant species in both
woodland and agricultural systems, suggesting that the same
fungi were colonizing different plants. Lack of host pref-
erences among AM fungi is supported by several observa-
tions showing that root systems of different plant species
and with different photosynthetic capacity can be intercon-
nected through common mycelia networks (Birch 1986;
Grime et al. 1987; Giovannetti et al. 2004). Seedlings grow-
ing up in a mycorrhizal community can in this way rapidly
become linked into, and acquire nutrients from, a mycelial
network that has developed at the expense of photosynthate
from already established plants.
Other studies have, however, questioned the random
colonization of different host plant species. Non-random
associations between AM fungi and different host species
have been demonstrated in other studies, suggesting some
degree of fungal host preferences (Husband et al. 2002;
Vandenkoornhuyse et al. 2002; Gollotte et al. 2004).
Helgason et al. (2002) found that the fungal community
structure on roots of five woodland plant species was
determined by the different hosts. Isolation of native fungi
and establishment of one-to-one AM symbioses showed
that colonization pattern, symbiont compatibility and plant
performance varied with the plant–fungus combination.
Inter- and intraspecific functional differences between fun-
gal species have been demonstrated and can be responsible
for the observed variation in plant–fungus compatibility
(Smith et al. 2000; Koch et al. 2004; Munkvold et al. 2004).
The conflicting conclusions regarding host preferences
may be due to results obtained at different phylogenetic
levels. The formation of mycelial networks has been dem-
onstrated for single AM species or isolates (Grime et al.
1987; Giovannetti et al. 2004), whereas a non-random dis-
tribution in the field has been demonstrated between AM
fungi of different species and genera (Helgason et al. 2002;
Husband et al. 2002; Gollotte et al. 2004). Mycelial net-
works may be formed only between closely related fungi
and may be characteristic only for some species or only in
some vegetation systems.
In molecular studies of fungal distribution, the selec-
tion of primers and the amount of genetic variation in the
target sequence determine the phylogenetic levels that are
covered. Kjøller and Rosendahl (2000) have developed a
set of specific primers targeting a clade of Glomus species
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including G. mosseae, G. caledonium, G. geosporum and
G. intraradices. The primer set amplifies a 300-bp sequence
of the D2 region in the large subunit ribosomal DNA (LSU
rDNA). Amplification of Glomus sequences from colo-
nized plant roots has been used to study community struc-
ture of this particular clade in agricultural systems (Kjøller
and Rosendahl 2000) and in submerged plants (Nielsen
et al. 2004). Rosendahl and Stukenbrock (2004) used the
primers in a nested PCR approach to characterize the com-
munity of Glomus species colonizing Hieracium pilosella
in a coastal grassland. It was found that roots ofH. pilosella
were dominated by unknown phylogenetic groups that were
not present in the soil as spores. The dominant fungi showed
non-uniform distributions along a 30-m transect, and it is
possible that the spatial structuring of theseGlomus species
reflects the presence of belowground mycelial networks.
Because only mycorrhizal fungi in roots of H. pilosella
were identified, the aim of the present study was to clarify if
these dominating phylogenetic clusters were also coloniz-
ing other abundant plant species along the same transect.
Materials and methods
Sampling
The studied site is a coastal undisturbed sandy grassland on
the north coast of Zeeland, Denmark. The soil has a low
nutrient content with a pH from 6.5 to 7.5. The plant com-
munity is characterized by high species diversity dominated
by perennial herbs (Rosendahl and Stukenbrock 2004). Five
plant species were chosen on basis of their high abundance
at the field site:H. pilosella,Hypochoeris radicata, Thymus
serpyllum, Artemisia campestris and Armeria maritima.
Plants were harvested in late May and beginning of July
2002. Six plots were set up at a 30-m transect line perpen-
dicular to the coastline, with a distance of approximately
5 m between each plot. Plants of the five host species grow-
ing together in a square of 20 ×20 cm were collected.
Two plants of each species from each harvest were used.
Roots were washed carefully, eight pieces of approximately
0.5 cm were cut with a razor blade from each plant and
frozen in 0.5-ml Eppendorf tubes in 60μl TE buffer for later
analysis. In order to determine the degree of mycorrhizal
colonization, roots were cleared in 10% KOH for 24 h at
room temperature. The cleared root pieces were rinsed in
1% HCl and then stained with 0.05% Trypan blue for 1 h at
60°C (Phillips and Hayman 1970). After washing in water,
roots were stored in lactoglycerol. The mycorrhizal colo-
nization was determined with the line-intersect method
using a light microscope (Giovannetti and Mosse 1980).
DNA extraction and PCR
Root pieces were crushed in 0.5-ml Eppendorf tubes in TE
buffer using plastic pistilles. For DNA extraction, samples
were denatured for 2 min at 95°C in the presence of 20 μl
20% Chelex-100 (BioRad). Samples were vortexed and
centrifuged at 10,000 × g, 4°C for 5 min. Five microliters
supernatant was recovered and diluted 100 times in 500 μl
sterilised water.
The primary amplification was performed in a final vol-
ume of approximately 20 μl containing 2 μl template and a
master mix of 2 μl TQ buffer [167.5 mMTris/HCl (pH 8.5),
5 mM (NH4)SO4 and 25 mM β-mercaptoethanol], 2 μl of
each eucaryotic primer, 0061f and NDL22r (van Tuinen
et al. 1998a), 5 μl sterilised H2O, 8 μl GATCmix and 0.1 μl
Taq polymerase (Amersham, Bioscience). Amplification
was performed in a thermocycler (PCT-200, MJ Research
Inc., Watertown, MA) with cycling as described by Kjøller
and Rosendahl (2000).
Primary PCR products were diluted 100 times. Two mi-
croliters of the diluted PCR products were used as template
in nested PCR with the specific primers LSURK4f and
LSURK7mr. These primers allow amplification of a clade
of Glomus species including G. mosseae, G. caledonium,
G. geosporum, G. coronatum, G. fragilistratum and G.
constrictum (Kjøller and Rosendahl 2000; Rosendahl and
Stukenbrock 2004). Amplification cycles for nested PCR
reactionwere as described byKjøller andRosendahl (2000).
PCR products were checked on agarose gels containing 2%
Nusieve in 1%TEbuffer and stainedwith ethidiumbromide.
Positive PCR products were purified using the QIAquick
PCR purification kit protocol from Qiagen. Sequencing of
PCR productswas performed byMWGBiotech (Ebersberg,
Germany) using LSURK4f as sequencing primer.
The sequences were aligned manually and edited using
the program Bioedit Sequence Alignment Editor (http://www.
mbio.ncsu.edu/BioEdit/bioedit.html). Sequences from reg-
istered BEG isolates were included in the alignment except
G. microaggregatum and G. sinuosum that originated from
environmental samples. Sequences of the phylogenetic
clusters defined byRosendahl and Stukenbrock (2004) were
also included. The phylogeny of the sequences was
analyzed using maximum parsimony and maximum like-
lihood. All analyses were conducted with PAUP4.0b. All
characters were equally weighted and alignment gaps were
treated as missing data. Parsimony analyses consisted of
heuristic searches with 1,000 random addition sequences
and tree bisection–reconnection (TBR) branch swapping.
Maximum likelihood (ML)was performed on the combined
data set after the exclusion of all identical taxa. Supports for
the internal nodes of the most parsimonious tree (MPT)
were assessed by 1,000 bootstrap replications. The resulting
trees were used to infer phylogenetic clusters, defined as
separate phylogenetic lineages with high bootstraps and
which appeared in both the ML tree and the MPT.
The null hypothesis that there were no differences in the
distribution of the phylogenetic clusters among the plants
was tested using the Kruskal–Wallis test and by ranking the
observed frequencies of the phylogenetic clusters.
Results
Plants were heavily colonized by mycorrhizal fungi, except
for A. maritima in which mycorrhizal colonization was less
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than for the other plant species (Table 1). Morphological
structures of different AM fungi, fine endophytes and un-
identified root endophytes were recognized in the stained
roots; however, it was not possible to identify any of the AM
fungi at species level.
LSU rDNA sequences were successfully amplified by
the non-specific eucaryotic primers by primary PCR. Glo-
mus sequences (300 bp) were amplified in nested PCR with
the primer set LSURK4f and LSURK7mr. Sequencing of
nested PCR products gave 91 unique sequences. Results
from nested PCR differed between the five plant species
(Table 1): 24.7–37.4% positive PCRs were obtained from
roots of H. pilosella, H. radicata and T. serpyllum, whereas
the percentage of positive nested PCRs was significant
lower in A. campestris and A. maritima.
The maximum likelihood analysis separated the Glomus
sequences into eight phylogenetic clusters (Fig. 1). The phy-
logenetic cluster D formed the most common group. The
other dominant phylogenetic cluster was composed of the
subgroups F and G. Most sequences within these unidenti-
fied phylogenetic clusters differed by only one or a few base
pairs. Only a few of the detected sequences could be asso-
ciated to taxonomically described species: G. intraradices,
G. caledonium, G. mosseae and G. microaggregatum.
No variation in sequence distribution was found between
the two harvests. Sequences from both harvest times were
therefore pooled for further analyses. The dominant clusters
D and F + G were found in roots of all five plant species
(Figs. 1 and 2). G. mosseae sequences were similarly de-
tected in roots of all host species except A. maritima. The
other phylogenetic clusters were only rarely detected. Phy-
logenetic clusters were randomly distributed among four
host plant species (Fig. 2), and the Kruskal–Wallis test on
the ranked data set gave a K value of 0.8, indicating no
significant difference between the frequencies of the phy-
logenetic clusters in these four plant species. A. maritima
was not included in the test because too few observations
were made in this species.
The cluster D was present in plant roots from all plots
along the transect; however, the frequency of the cluster
varied between the plots (Fig. 3). The other dominant group,
F + G, was present in three plots, and was most common in
the 20-m plot. G. mosseae could only be detected in the 32-
and 40-m plots (Fig. 3).
Discussion
The dominating phylogenetic cluster D, obtained from the
different plant species, belong to the same unknown Glo-
mus cluster that was previously found to be dominant in
roots of H. pilosella along the same transect (Rosendahl
and Stukenbrock 2004). In the study by Rosendahl and
Stukenbrock (2004), wherein additional clusters were also
identified on the roots of H. pilosella using the same ap-
proach, sampling was much more intense along eight tran-
sects, allowing detection of less frequent fungi not found in
this study.
We found a discrepancy between the degree of colo-
nization within plant roots and successful nested PCR
amplification of the Glomus LSU rDNA sequences. This
discrepency may be explained by the presence of other
genera of AM fungi not targeted by the specific Glomus
primers. Other community studies of AM fungi have used
primers that amplify less specific sequences in the small
subunit (SSU) rDNA thereby allowing the detection of a
broader diversity (Helgason et al. 1998; Husband et al.
2002; Kowalchuk et al. 2002). However, one disadvantage
of using SSU rDNA sequences is that the low extent of
genetic variability in this gene only allows identification of
AM fungi above species level (van Tuinen et al. 1998b).
Because we were interested in the distribution of one par-
ticular clade of Glomus fungi, sequences with a higher res-
olution of genetic variability were targeted.
In other AM fungal community studies wherein quali-
tative data have been obtained by cloning PCR products
obtained from whole root systems (van Tuinen et al. 1998b;
Daniell et al. 2001; Helgason et al. 2002), quantitative
information is lost. In the previous study by Rosendahl and
Stukenbrock (2004), cloning was initially performed on
amplicons of nested PCR products. However, because no
new sequences were revealed by cloning, sequencing was
performed directly on nested PCR products. The occurrence
of multiple sequences or sequence chimeras in the PCR
products were not detected in the sequence chromatograms.
Polymorphisms in the LSU sequences were found at the
same sites, which additionally indicates that the observed
variation was a result of true mutations and not PCR arte-
facts. Nested PCR on eight root fragments from each root
system was therefore applied instead of cloning. This per-
mitted assessment of frequencies of the amplified Glomus
Table 1 Mycorrhizal colonization and success rate of PCR amplification from plant roots of the five host plant species
Plant species % Colonization No. of root fragments Positive primary PCR Positive nested PCR % Positive nested PCR±SE
H. pilosella 83 (8)* 160 156 49 31.4±6.3
H. radicata 85 (8) 192 190 71 37.4±8.0
T. serpyllum 77 (3) 192 174 43 24.7±4.4
A. maritima 40 (4) 136 112 5 4.5±2.4
A. campestris 88 (1) 132 114 18 15.8±3.7
Total 812 746 186 22.7
*Number of root systems examined by the line intersect method
Positive nested PCRs were estimated from the percentage positive primary PCRs giving products
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sequences and thereby to determine the quantitative diver-
sity of the phylogenetic clusters present in the plant roots.
The different frequencies of the dominant sequence types
between plots and host plants suggest a patchy distribution
of the Glomus species, similar to the distribution of phylo-
genetic clusters in the study by Rosendahl and Stukenbrock
(2004). Patchy distributions of ectomycorrhizal commu-
nities at a fine scale have also been demonstrated in several
studies (Horton and Bruns 2001), and similar patterns may
be characteristic for AM fungal communities. The factors
responsible for the patchy distribution of the Glomus se-
quences are unknown. Several of the detected Glomus spe-
cies may have no or only limited spore production and the
sequence types may represent clones of Glomus fungi de-
rived fromhyphal propagation (Rosendahl and Stukenbrock
2004). If horizontal spread of AM fungal clones is restricted
by soil conditions, it is possible that host preferences of
the fungi will remain less specific at an undisturbed site in
order to maintain the ability of the fungi to colonize differ-
ent plants growing closely together. The random association
between the dominant mycorrhizal fungi and different host
plants support the hypothesis of an interconnecting myce-
lial network.
The observed random association between host plant
species and the dominant phylogenetic Glomus species is
inconsistent with other studies of AM fungal host pref-
Fig. 3 Distribution in six plots
along the transect of the coastal
grassland of the phylogenetic
clusters D and F+G, G. mosseae
and a group including G.
caledonium, G. intraradices and
G. microaggregatum (other)
Fig. 2 Distribution of the phy-
logenetic clusters D, F + G and
four Glomus species present
in the roots of the four host plant
species indicated as the fre-
quency of each fungal species
in each plant species.
A. maritima was not included
as only three sequences were
obtained. G. mos, G. mosseae;
G. micro, G. microaggregatum;
G. intra, G. intraradices; G.
caled, G. caledonium
3Fig. 1 Phylogenetic analysis using maximum likelihood of the
Glomus sequences obtained from roots ofH. pilosella (Hp),H. radicata
(Hr), T. serpyllum (Ts), A. campestris (Ac) and A. maritima (Am). Num-
bers indicate plot numbers along the transect (1–6). Different plants of
the same species and same plot are distinguished by different letters
(a–c). Bootstrap values above 90 are indicated. The monophyletic
clades interpreted as phylogenetic clusters are indicated. Species names
are derived from sequences obtained from known BEG registered
cultures, except G. sinuosum and G. microaggregatum, which were
obtained from field samples. Sequences in the phylogenetic clusters
C, D, F and G, derived from the previous study of H. pilosella, are
indicated by their respective accession numbers (AJ)
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erences, as some degree of host preferences has been shown
to exist in certain ecosystems between different genera of
AM fungi and different host plant species (Helgason et al.
1998; Husband et al. 2002; Kowalchuk et al. 2002). In a
study at a finer phylogenetic level, Gollotte et al. (2004)
used a set of LSU rDNA taxon-discriminating primers to
demonstrate the presence of different fungal communities
in roots of two grass species in an unimproved grassland.
The observation of preferential associations between fungi
and host species contrasts with our results, but the incon-
gruence may be explained by the different approaches used.
In the study by Gollotte et al. (2004), soil was mixed and the
two host plant species were reseeded into the plots, whereas
the present study was conducted in an undisturbed system.
Previous studies have demonstrated that soil disturbance
may affect the infectivity of external hyphae of AM fungi
(Jasper et al. 1991), and the procedure used byGollotte et al.
(2004) may therefore select for fungi that are less sensitive
to soil disturbance and mainly propagate from spores. This
excludes non-sporulating fungal species, which may de-
pend on mycelial networks for their successful growth and
propagation. The direct sampling strategy used in this study
allowed for the assessment of such fungal species. Results
support the hypothesis of Rosendahl and Stukenbrock
(2004) that non-sporulating mycorrhizal species may be
dominant in undisturbed soils where propagation by hyphal
growth and the formation of large mycelial networks is
favored. Mechanical mixing of soil, as in an agricultural
soil, could on the other hand favor the spread and growth of
fast-growing sporulating AM fungi.
The dominant phylogenetic cluster D was found in all
plant species in all plots along the transect of the coastal
grassland. It is not known if this cluster represents sev-
eral clones, one clone or even one coherent mycelium.
Rosendahl and Stukenbrock (2004) used a gene diversity
analysis to analyse the genetic variation of the phylogenetic
cluster D and suggested that the observed variation in the
LSU rDNA sequences was most likely from one fungal
individual. The dominant Glomus cluster found in this
undisturbed vegetation could possibly represent a common
mycelial network interconnecting the different plant spe-
cies. The ability of AM fungi to form interconnecting my-
celial networks between different plant species has been
demonstrated under laboratory conditions by observing
anastomoses between individual mycelia (Giovannetti et al.
2004). The findings of the present study support the hypoth-
esis that interconnecting mycelia between different plant
species also exist in natural vegetations. However, the ge-
netic distance required to prevent anastomosis is not known
(Jakobsen 2004), and it is important to evaluate if the ge-
netic similarity found within the phylogenetic cluster D al-
lows anastomosis and possibly the formation of a large
mycelial network. Whether the resolution of the D2 region
in the LSU rDNA is sufficient to reveal an individual my-
celium isnot known.GenotypingofAMfungihas so far only
been possible using spores (Stukenbrock and Rosendahl
2004) or in vitro cultured fungi (Koch et al. 2004).
The ecological implications of interconnecting AM fun-
gal hyphal networks for plant diversity and fitness are in-
triguing. Grime et al. (1987) suggested that export of as-
similates between donor and receiver plants through com-
mon mycelia networks could be an important element of
the mechanism maintaining species-rich plant communities
in infertile soils. More detailed sampling of roots from dif-
ferent plant species growing closely together in undisturbed
vegetation could give access to more information about the
extent of such mycelial networks. The common hyphal
network may also allow some plants to obtain their inor-
ganic nutrient at a low expense, by providing little or no
carbon to the network (Jakobsen 2004). As soil disturbance
may affect the community composition of AM fungi and
the ability of the fungi to form mycelial networks between
roots systems, these important attributes should be con-
sidered in future field studies of AM fungal communities
and populations.
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